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Nanostructured graphite was prepared by mechanical milling under hydrogen atmosphere. Several
samples obtained after different milling times were systematically examined to get fundamental
information about the structures and hydrogen concentrations. After the expansion of the graphite
interlayer, the long-range ordering of the interlayer disappears continuously with increasing milling
time. The hydrogen concentration reaches up to 7.4 mass % (CH0.95) after milling for 80 h. Judging
from the radial distribution function determined by the neutron diffraction measurement, there are
two types of deuterium coordinations: deuterium atoms in the graphite interlayers and that with the















































ailRecently, much attention has been paid to the invest
tions of the hydriding properties of carbon-related mater
with specific nanometer-scale structures. One of the m
topics of interest is the extremely high hydrogen concen
tions in the carbon nanotubes reported by Dillonet al.,1 and
also in the graphite nanofibers reported by Chamberset al.2
Motivated by these reports, most recently, the hydrid
properties on the carbon nanotubes3,4 and graphite
nanofibers5 have been experimentally studied by using el
trochemical and volumetric measurements. Also, some th
retical studies on the hydriding properties of the carb
nanotubes have been carried out.6,7
Previously, we have applied the mechanical milli
method to prepare nanostructured materials, like nanost
tured Mg–Ni systems.8–10 Formation of a nanostructured11
and a nanoporous12 graphite by the mechanical milling
method have also been reported. With this method, the n
structure can be modified continuously and homogeneo
by optimizing the operating parameters, like the millin
time, the milling atmosphere, and the amount of additio
elements, and so on.
In the present work, nanostructured graphite was p
pared by mechanical milling under hydrogen atmosphe
Different milling times were chosen and the samples w
examined in order to get fundamental information about
structures and hydrogen concentrations.
300 mg of high-purity graphite powder~99.997% purity,
;200 mm! as a host sample and 20 steel balls of 7 mm
diameter were placed in a steel vial of 30 cc volume. T
material and shape of the vial for mechanical milling ha
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been selected carefully, so as to minimize the amount of
elemental Fe contaminated during mechanical milling.8 The
vial, equipped with a connection valve for evacuation a
introduction of hydrogen, with the host sample was direc
degassed for 12 h below 131024 Pa by using a turbomo
lecular pump. Then, high-purity hydrogen~99.9999% purity!
of 1.0 MPa as an initial pressure was introduced into it. T
host sample was mechanically milled by using the planet
ball mill apparatus~Fritsch P7! with 400 rpm for periods
from 1 to 80 h at room temperature. All samples before a
after milling were handled in the glove box filled with pur
fied argon to minimize oxidation and water adsorption. T
samples thus prepared were examined by x-ray~Siemens
D5000, Cu–Ka! and neutron diffraction measurements13
oxygen-combustion hydrogen analysis~Elementar Vario-
EL!, oxygen analysis~Leco 436!, and Brunauer–Emmett–
Teller ~BET! adsorption examination ~Micromeritics
Gemini-2375, by the nitrogen gas adsorption/desorpt
method!.
Figure 1 shows the x-ray diffraction profiles of the nan
structured graphite. The main peak corresponding to
~002! diffraction shifts to lower angles with increasing mil
ing time up to 2 h, indicating an expansion of the graph
interlayer. The long-range ordering of graphite continuou
disappears with increasing milling time. We could not fin
any diffraction peaks after milling for 5 h, and there was
change in the profiles for milling times between 5 and 80
The results of the hydrogen analysis shown in Fig.
however, clearly indicate that the total hydrogen concen
tion increases with increasing milling times. The concent
tion reaches finally 7.4 mass % (CH0.95) after milling for 80
h, and this value is speculated to increase by increasing
tial hydrogen pressure in the vial.
The hydrogen concentration in the mechanically p
a
:
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3094 Appl. Phys. Lett., Vol. 75, No. 20, 15 November 1999 Orimo et al.pared nanostructured graphite14 is comparable to that in the
carbon nanotubes,1,4 and also in the conventional~super-!
activated carbon15–18 at temperatures below 100 K and h
drogen pressures about 5 MPa. Oxygen concentration in
nanostructured graphite after milling for 80 h was det
mined to be 1.8 mass %. The most probable origin of t
oxygen is adsorbed water on the surface of the sample
milling. Even in this case, however, hydrogen concentrat
from the adsorbed water is estimated to be only 0.2–
mass %, and this value is negligible compared to the t
hydrogen concentration of the sample.
The results of the specific surface area are shown in
3. We found the maximum value of nearly 400 m2/g after
milling for 2–5 h. The increase of the specific surface a
corresponds to the pulverization of graphite, while the
crease at longer milling times might indicate agglomerat
during milling, similar to what has been observed
amorphous19 and nanoporous12 materials. The specific sur
face area in the nanostructured graphite after milling for 8
is only on the order of 10 m2/g, also suggesting that the valu
of hydrogen concentration coming from the surface a
might not be the dominant component compared to the t
hydrogen concentration. Therefore, it is quite important
FIG. 1. ~002! diffractions of the nanostructured graphite, that has been
chanically milled under initial hydrogen pressure of 1.0 MPa at room te
perature.
FIG. 2. Total hydrogen concentration in the nanostructured graphite,
function of milling time under initial hydrogen pressure of 1.0 MPa at roo
temperature.















clarify the hydrogen~deuterium! atom coordination inside o
the nanostructured graphite.
Figure 4 shows the radial distribution function@RDF(r )#
spectrum of the nanostructured graphite CD;0.3. The Gauss-
ian profiles of the RDF(r ) spectrum clearly indicate tha
there are two types of deuterium coordinations with the C
distances of about 0.11~0.22! nm and 0.18 nm, respectively
Judging from the interatomic distances, the coordinat
with a broader distribution of around 0.18 nm corresponds
the deuterium atoms in the graphite interlayers of;0.36 nm,
having nearly 6% expansion compared to that of the h
without deuterium~;0.34 nm!. The other coordination with
nearly 0.11~0.22! nm corresponds to the first-~second-!
nearest coordination of the CDx covalent bonds. The increas
of the CDx covalent bonds might result in the formation
disordered amorphous/nanocrystalline CDx phases in the
nanostructured graphite. From the areas of the Gaussian
files of the RDF(r ) spectrum, we estimate that roughly on
half of the deuterium atoms form the CDx covalent bonds.
The mechanical milling results in the formation of da
gling carbon bonds in graphite,11,12,20 and thus the relative
ratio of the CHx covalent bonds will increase if the milling
was performed under hydrogen atmosphere. The relative
tio should be reduced from the viewpoint of reversible h




FIG. 3. Specific surface area of the nanostructured graphite, as a functi
milling time under initial hydrogen pressure of 1.0 MPa at room tempe
ture.
FIG. 4. Radial distribution function, RDF(r ) spectrum, of the nanostruc
tured graphite CD;0.3. Two kinds of C–C coordinations drawn in dashe
line correspond to the first-~;0.14 nm! and second-nearest~;0.25 nm!
neighbors in the graphitein-layer. The C–D coordinations are discussed



































3095Appl. Phys. Lett., Vol. 75, No. 20, 15 November 1999 Orimo et al.paring the nanostructured graphite by mechanical mill
under an inert-gas atmosphere with additional element
stabilizers of the dangling carbon bonds, prior to the g
phase hydrogenation. Hydrogen in the mechanically p
pared nanostructured graphite provides a very interes
system from the viewpoint of basic research as well as
the design of new carbon-related materials.
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